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Effects of external radiation on biased Aharonov-Bohm rings
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We consider the currents flowing in a solid-state interferometer under the effect of both an Aharonov-Bohm
phase and a bias potential. Expressions are obtained for these currents, allowing for electronic or electron-
boson interactions, which may take place solely on a quantum dot placed on one of the interferometer arms.
The boson system can be out of equilibrium. The results are used to obtain the transport current through the
interferometer, and the current circulating around it under the effect of the Aharonov-Bohm flux. The modifi-
cations of both currents, brought about by coupling the quantum dot to an incoherent sonic or electromagnetic
source, are then analyzed. By choosing the appropriate range of the boson source intensity and its frequency,
the magnitude of the interference-related terms of both currents can be controlled.
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l. INTRODUCTION spectroscopy’~3°At thermal equilibrium, the persistent cur-

Solid-state interferometers, restricted to the mesoscopif€Nt IS quivalent to the thermodynamic orbital magnetic mo-
scale in order to retain the coherence of conductiodMent of the electrons. Since it arises from the interference of

electrons. are constructed from narrow waveguides, possitN€ €lectronic wave functions, as long as the electrons are
bly containing scatterers, for the electronic paths. AnPhase coherent it will survive the presence of moderate static
Aharonov-Bohm magnetic' fldxbetween the two paths in disordert3° Recently, most of the theoretical interest in this

such interferometers results in a periodic flux—dependencBheﬂ0mef_'fﬁ'o”glr(‘)"j‘f2 shifte(;:i to s(tjudying cha(gnf—spi(;b fluc-
behavior, which stems from interference of the electroniclt.u"".tlon effects, 3E|4r2e- ependent properties a_r;l nonequ-
ibrium situations!®>-*6 or electronic interaction§> In ad-

. . 0o .
wave functions. In recent experimerits? carried out on in qﬁition, recently there have been several attefApi&to relate

terferometers connected to several electronic reservoirs, tq e phenomenon of persistent current, which is intimatel
current passing through the system in response to a voItaq: f Y

‘onnected to electronic coherence, to the dephasing of elec-
difference has been used to investigatierent transport ’ b 9

; . : - trons at equilibrium due to the coupling with a boson bath.
These experiments have revived interest in such systems, paore we study the currents flowirayound and through
ic&l-13 i Co X .
whose theoretical* and experimentét study was begun 4y “open” interferometer, connected to electronic reservoirs,

much earlier. The current experimental setups involve &yith a quantum dot placed on one of its arms, when the latter
quantum dot(or two®%) embedded in the interferometer, s coupled to an external incoherent radiation source. The
aimed at the study of the transmission properties of theslectronic reservoirs are held at slightly different chemical
former. These experiments have been followed by many theyotentials, such that the voltages are small enough for the
oretical works, exploring the possibility of deducing the system to be in thdinear transportregime. The external
transmission phase of a quantum dot from the measured coradiation source, on the other hand, will be taken as being,
ductance of the interferometr;?® and investigating its de- and possibly driving the system, out of equilibrium, so that
pendence on various interactions. its intensity can serve as a “control parameter” of the cur-
The interference of the electronic wave functions in anrents. In other words, we study the currents when the elec-
Aharonov-Bohm interferometer also creates a circulatingrons are also coupled to an incoherenit-of-equilibrium
current, which flows even at thermal equilibrium, and evenboson source. We take the electronic system to be free of any
when the ring is isolatedunder these conditions it is usually interactions, except on the quantum dot, where the electrons
called “persistent current’ This current was invoked as are coupled to an external source of sofoc electromag-
early as 1936 by Pauling,to explain the large orbital mag- netic) waves. The system is depicted in Fig. 1.
netic response ofr electrons moving on a ring in benzene-  Although we use the term “electron-phonon interaction”
type molecules, and soon after was calcul&téa terms of  throughout this article, our results apply equally, with minor
the tight-binding model. The analogy between persistent curmodifications, to the case where the electrons are coupled to
rents and the Josephson effect has been expounded uponan electromagnetic source, that is, for the electron-photon
Refs. 29 and 30. Their discussion of the possible realizatiointeraction. In any event, in order to retain the coherence of
of a “normal Josephson current” in small metallar semi-  the electrons, the systems we consider are necessarily con-
conductoy rings, in the presence of some disorder, hadined to size scales small enough that the electrons stay co-
sparked much interest in this phenomenon and led to a correrent at the given temperature. At the same time, the
siderable experimental effort to detect it, either by variousstrength of the acoustic source is assumed to be such that the
magnetic response measurem&n§ or by optical additional decoherence due to it is not detrimental. The pre-
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state; it appears at a lower order in the electron-phonon in-
teraction(as compared to the situation in isolated ringad

it exists even at zero temperature. The magnitude of that
contribution can again be tuned by controlling the intensity
of the radiation in a certain frequency range. In other words,
by coupling the electrons to asut-of-equilibriumradiation
source, one may control both the circulating and transport
currents. Such a relation between the radiation intensity and
the orbital magnetic moment may open interesting possibili-

FIG. 1. An Aharonov-Bohm interferometer, containing a quan-tles for future nano-deVIC_eS. . .

tum dot(QD) on its upper arm and threaded by a magnetic fiux Qur method of caICL_JIatlon is to express all part_lal cu_rrents

The lower arm of the interferometer contains a “reference” siteflOWing in the systenti.e., Iy, I, Is, andl,; see Fig. 1 in

(RS). The ring is connected to two electronic reservoirs whoseterms of the exactand generally, unknowrGreen function

chemical potentials are either equal or have a small difference, aPn the dot, which includes all the effects of the coupling to

lowing a currentl to flow from the left to the right. The wavy the interferometer, the external reservoirs, and the interac-

vectors denote the external beam radiated on the dot. tions taking place on the dot. These expressions do not ne-
cessitate a near-equilibrium situation. Thus, we derive gen-

cise parameter windows in which this can be achieved ar€'@l expressions for the current passing through the
sensitive to acousticor electromagneticmismatch, details !ntgrferometerj, and the current C|rculat'|ng around it which
of the sample geometries, etc.; hence, their calculations afé induced by the Aharonov-Bohm flux, in terms of the exact
not carried out here. Also, we do not discuss dephasing, bifgreéen function on the dot. We then use these results to in-
rather, as in Refs. 43 and 46, we concentrate oo@equi- vestigate the effect of coupling to a boson source on both
librium source of bosons. currents. _ o _

When the electrons are coupled to a boson source, the We begin in Sec. Il with the derlvatl_on of the partial cur-
naive expectation is that the coherent current decreases d{fNts. the transport current, and the circulating current. The
to loss of coherence, caused by inelastic processes as well @§Pressions we obtain are valid also for the case in which the
by renormalization effects due to the “dressing” of the e|ec_elec_tr0ns experience electronic interactions on the_ dot. In
trons by the bosonghe polaron effeéf). The latter is mani- particular, our resulj[ for the tra_nsport currer_1t generalizes the
fested by an overall Debye-Waller exponent. However, it0nes reported prewous}fa” which were derived under the
turns out that this is not the whole effect brought about byaslsu.mptlon that th.ere is no scattering on the reference. arm.
the radiation. In the case dfolated rings, it has been V\/_|th|ﬂ that approximation, the flux dependence of the line-
found®” that when the electrons are coupled to phonons, thavidth on_the quantum dot level is lost. _Thl_s flux dep_endence,
persistent current is not only diminished; rather, there ap@S We Will show, turns out to be crucial in determining the
pears an additional term, which originates from delicate reso€irculating current. Section Il is supplemented by an Appen-
nance processes in which at least two phonons are involvedix, detailing the computation of the partial currents. In Sec.
(those were termed “doubly resonant processéiie addi- Il we employ the general re§ult for the transport current tp
tional orbital magnetic moment appears at nonzero temper&fudy the effect of the coupling to a boson source. To this
tures, and has a nonmonotonic temperature dependence &td: We use an approximate expression for that dot Green
sufficiently low temperature¥. At thermal equilibrium, this function?®-°*for the case in which the electrons on the dot
new term has been found to further reduce the persistert"® coupled linearly to a sonic source. Section IV is devoted
current(beyond its value in the absence of the coupling tot© the analysis of the circulating current under |rrad|a§|on.
the bosons However, at nonequilibrium situations, the mag- For the_sake of completeness, we include in th_at section a
nitude of that “extra” contribution may be tuned by control- discussion of the effect of electron-phonon coupling on elec-
ling the intensity of the radiation in a certain frequency rons moving on electronically isolated ringshich are de-
range, which is experimentally feasible. Possibly related ex¢oupled from the leadsFinally, we summarize our findings
periments with extremely interesting results have recentlyn S€c. V.
been reported in, e.g., Refs. 58 and 59. Here, we examine the
effect of the electron-phonon coupling on a biased | 1 cURRENTS IN A BIASED INTERFEROMETER
Aharonov-Bohm interferometer, which consists of an “open”
ring, connected to two reservoirs. Then, in addition to the Figure 1 portrays an Aharonov-Bohm interferometer, with
circulating current induced by the magnetic phase, there am quantum dot placed on its upper arm, and a second elec-
pears a transport current. We find that, in a certain sense, thignic site placed on the other arm, serving as a “reference”
open ring is more amenable to manipulations by an externadite. All interactiongamong the electrons, or electron-boson
radiation source. We show that both the circulating and transinteraction$ are taking place only on the quantum dot. The
port currents are affected by a radiation source in a similainterferometer is connected at the left and at the right to
manner: Besides the overall Debye-Waller factor, they eackelectronic reservoirs, kept at slightly differeor equa)
acquire an additional contribution. In the case of an operchemical potentials. The connection is via single-channel
ring, that additional term does not necessitate the existendeads. The model Hamiltonian describing this system con-
of real resonant transitions between the initial and the finasists of four terms
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H = Hieadst Hret + Ha+ Hiuns (D current splits into the currents moving in the upper and lower

. . ) ) ) arms of the ring
in which the first term describes the leads, which are as-

sumed to be two free-electron systems =1+ 1o (7)

Hieads= 2 ékCle + E EpCJFr)Cp. (2)
k p

When all electrons entering the interferometer from the left
reservoir leave it for the right reservoir, and are not lost to
the surroundingas sometimes happens in the experimgnts
(We omit spin indices when they are not necessaiye left  one had;+l5=1,+1,=0. For reasons related to the detailed
lead states are denoted kyand the right ones by, with ¢, calculations below, we keep the four partial currents sepa-
(c,) being the destruction operator for states on the lefrate. The currentirculating the ring under the effect of the
(right) lead. For one-dimensional leads, described by a tightAharonov-Bohm flux| ., is conveniently defined as

binding model with a nearest-neighbor hopping matrix ele-

mentJ, one hase,=—-2J cosk, and similarly e,=-2J cosp. 2l = }(Il_ )
The chemical potential in the reservoir connected to the left 2

lead, zz,, can differ from that on the right reservop,. Oth- in order to avoid spurious currents caused by geometrical

erwise, the two Iead_s are taken as |dent|cal,_ €., they have thé\esymmetries. It is therefore seen that the calculation of both
same large bandwidth,J2 The reference site is taken for

simplicity as having a sinale localized level of ener the transport current and the circulating one requires the
hIenFc):(la 'y ving N9 12 v e knowledge of the partial currents in the interferometer.

An efficient way to find those currents is to employ the

Hret = €ChCo. (3)  Keldysh technique, which is particularly suitable to handle
nonequilibrium situation? Using the Keldysh notations, the
The dot Hamiltoniarf, is not specified at the moment; it partial currentsl; and |, are given b$? (in units in which
may include electron-electron interactions or electron=1)
phonon interactions. For simplicity, we assume that only one q
of the dot single-energy levels is effectively connected to the _ dw </ N _ A<
leads. It is possible to carry out a more general calculation; 1= ef 217% VGig(@) = Gadw)),
however, the algebra then becomes complicated and may ob-
scure the physical effects we wish to explore. Hence, we do X
write for the tunneling Hamiltonian l,= ef ZTE (4Gio(®) — uGglw)), (9)
k

Hyn= > chld +> Vpc;r,d + Wcﬁco +> vpcgco +hc,
k p k p

: (8

-®

1
—(-1
o 2(1 2)

where

@ Goplw) = f dt €“'i(b'a(t)), (10)
whered is the destruction operator for the electron on the
dot. The tunneling matrix elements for a one-dimensionaknd the operatora andb stand forc,, Gy Co, OF d. The other

tight-binding model read two partial currents|; andl,, are derived from Eqg9) by
2 > changing the lead indel into the second lead indep,
Vi =- \/%jf sink, V,=- \/%J'r sinp, The computation of all four partial currents is detailed in

the Appendix. Here, we summarize the results. The first step
taken there is to obtain explicit expressidsse Eqs(A19)

2 2 and (A25)] for the partial currents in terms of the various
w=- N'ee"’” sink, vy,=- N|,e"‘f’r sinp, (5 parameters, and thexactGreen function on the dot, which
includes all effects of interactions, as well as the couplings to
where N is the number of sites on each of the leads, andhe interferometer, to the electronic reservoirs, and to the
gauge invariance allows one to assign the flux dependence fthonon source. In the Keldysh technigue this means that the
the reference arm, such that the total flwhich is the mag- above-mentioned expressions include the Keldysh function
netic flux threading the ring, measured in units of the fluxGy, [see Eq.(10)], and the usual retarde(G},) and ad-
quantun is vanced[Gf,=(G§)*] dot Green functions. The frequency
(w) integration of the former/dwGy, has a very clear

=t . ©® physical meaning: It gives the occupation number of the
In Eq. (5), j¢ andj, are the matrix elements coupling the dot electrons on the dot.
to the left and right point contacts, amgandi, are those When the interferometer is biased, the Keldysh Green

connecting the reference site to the same points. We emphéinction G, and the occupationy are affected by the volt-
size that the model considered here doesallow?® for any  age difference such that current conservatigr;13=0, is
electron lossesThis is often referred to as a “closed inter- ensuredsee Fig. 1 In practice, however, the calculation of
ferometer.” the Keldysh function is not simple(except for the
Under the circumstances described above, a transport cunteraction-free systemWe therefore resort to an approxi-
rentl is passed through the ring, say from left to right. Thismation, which gives it in terms o4, and G4y Explicitly,
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one finds(see the Appendix, Sec. 2 for details R_GA
eee e a (e g xS~ S Gﬁi")}' e
Eext_ 2ext

The transport current consists of three parts: The first term in
(12) the curly brackets of Eq14) is the current flowing through

the reference arrtthe lower arm of the interferometer in Fig.
where the frequency dependence of the various functions ig), “dressed” by the processes in which the electrons travel
suppressed for brevity. Her8%, is that part of the retarded around the ring, as is manifested by the appearance of the dot
self-energy on the dot which comes solely from the cou-Green functions. Her€lg is the transmission coefficient of
plings to the interferometer and to the leads. Namely, it is thehe reference arm of the interferomet@vhen decoupled
self-energy part for the interaction-free system. Similarly,from the quantum dot In the wideband approximatiofin
3o (28 is the advanced self-energy coming from thosewhich the energy is taken to be at the middle of the hand
couplings, and,, is the corresponding Keldysh function.
All three of the above self-energies can be found quite Ty= _ vy (15)
straightforwardly, as they pertain to the noninteracting parts 6(2)+ (ye+ )
of the Hamiltoniansee Eqs(A27) and(28)]. When the sys-
tem is free of interactions, or when it is unbiased, namely,

He= pr (see the Appendix, Sec),ahe integrand in Eq(11) second term in the curly brackets of H44) is the current

vanishes. When theinteracting system is slightly biased, flowing through the interferometer arm containing the quan-
the bias causes only very small changes in the Fermi func- 9 Y g q

. . . tum dot; here,I', and I', [see EQ.(A39)] are the partial
tions f, andf,, of the left and of the right reservoirs, except . : ¢ r .
in the rangeu, - u, around the Fermi energy. Here 223W|dths on the dot, caused by the couplings to the leads,

dw
o 1ame | SIS 380G 2GR G,

wherey, andvy, [see Eq(A38)] are the partial linewidths on
the reference site, caused by the couplings to the leads. The

flo)= Zomrsy M@= gy (12 (yet 7)*?

XB =1 _TB—' (16)
Ayeyr

(Note that wheny,=v,, Xg becomes equal to the reflection
coefficient of the reference brandR;=1-Tg.) The last term
in Eq. (14) results directly from interference, since it neces-
sitates transmission through both arms of the interferometer,
as is manifested by the produ¢tgl',I', there.
_ GR,-Gh, Several comments on '_[he res(ld) are called for(1) The_
oxXicR <A - (13)  transport current is evenin the Aharonov-Bohm flux as it

Zext™ Zext should be, obeying the Onsager symmé#his happens

In some case®, this equation follows from the “wideband becaus® the dot Green function§, and 35, are even
approximation,” which neglects the dependence of the functions of®, due to additive contributionsvith equal am-
resonance width’SA . Equation(13) is used to eliminate the Plitudes from clockwise and counterclockwise motions of
dot Keldysh Green function from the expressions for the curfhe electron around the ring2) When the electronic system
rents. It should be emphasizésee the Appendix, Sec)4 Is free of interactions, the “external” self-energy pa
that the relationship Eq13) is exactfor the unbiased sys- constitutes the entire self-energy of the dot Green function,

tem. This point is important for the calculation of the persis-namely

Hence, we expect the integrand in Efl) to be dominated
by contributions from that vicinity of the Fermi energy. If the
integrand in Eq(11) varies slowly with the frequency there,
then the vanishing of the integral would also imply the van-
ishing of the integrand, namely

Gyy=2

tent current, for which one has to keep the contributions of 1
all frequencies. We note in passing that the dyml, van- Gg*g: —h (17
ishes identically as checked by an explicit calculation. ® = €9~ 2eq

The next step taken in the Appendix is to employ theyheree, is the energy of the localized level on the dot, and
partial currents in order to obtain the transport curféfd.  the superscript “0” denotes the absence of interactions. In
(7)] and the persistent currefEq. (8)]. The former is ob-  tnat casdGR-GAY) /(SR ~32 )=GRGAY, and the transport
tained using the wideband approximation, in which the fre-c ;rent becomes
quency dependence of the self-energies is supprasssd

the Appendix, Sec. 3 for detajls 0=e f g—:(fr(w) ~ F( @) Tw) = STTO(O)V, (18)

dw R <R
1= ef Z.,(ff B ff){TB<1 * Gog>en whereV is the potential difference on the interferometer, and
TO is the transmission coefficient of the noninteracting ring

G- G,
A dd ~ Sdd — . _
+ Gaaext Sex &SR_EA) %) = |GR()| Y\ Ta(w - e)€® + 20T T Xg2. (19)
ext ext
GR.-GA Equation(19) resembles thawvo-slitformula, as it consists of
+ 4F€F,XBH +\Tgl" I Xg2 cosd the absolute value squared of the sum of two terms: The one
Sext~ Zext related to the transmission amplitude of the reference arm
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(having the factor/Tg) and the other which is related to the those(see, for example, Ref. 57Since botts g, andGh, are

transmission amplitude through the d@s expressed by even in®, I, is odd in®, as it should be.
\I',T',), with the Aharonov-Bohm phase factor multiplying It is sometimes useful to discuss the properties of an open
one of those. However, in contrast to the two-slit formula,electronic system in the language of scattering th&®%,
here both terms areal, resulting in an expression which is employing the concept of “transmission phases,” or the Frie-
even in the flux. This aspect of the transmission has beedel phase. Such a description is particularly useful in the case
discussed in great detail in Refs. 25 and 26. In the nexof interaction-free electrons. Indeed, by manipulating Egs.
section, we find that it persists also when the electrons on thel7) and(20), one obtains that the persistent current of such
dot are exposed to external radiati¢®) For general values a systemjgc, is given by
of the flux ®, the interaction-free transmissigh9) does not
show the Fano antiresonances, at which the transmission |0 _eJ d_a)f(;(a))+fr(w) I w)
pc

vanisheg(although the line shape will be asymmelridhe - 2 ob (21)

reason is that whet # 0 or ® # m, the interference between

the two arms of the interferometer can never be made comwhere &° is the phase of the retarded Green funct®®
pletely destructive, as was noted in Ref. 65. On the other(GA%*

hand, finite values of the flux do not prevent the transmission

from achieving the unitary limit. Inspection of E¢L9) in o) = Jzeth
conjunction with the explicit expressions for the external tan &' (w) = - 0 eg- RIR (22)
ex

self-energy, Eq9A40), shows that the maximal value for the

transmission,T°=1, is reached when the interferometer is Hence, in a steady-state situation, the persistent current of
symmetric, i.e., whed’,=I', and y,=y, the local level on  noninteracting electrons is related to the variation of the
the dot becomes a resonance, i@ es~REE,=0, and the  transmission phase with the Aharonov-Bohm fliSee Ref.
Aharonov-Bohm flux takes the particular value @s 7 for a different derivation of this resultThis variation
=-Tg/(1+Rp). replaces the variation of the eigenenergies with the flux in

We next turn to the computation of the circulating currentthe equilibrium situation as the origin of the persistent
in an open ring, Eq(8). In the case of noninteracting elec- current®’

trons, that current has been the subject of several
studiest®%6-68Here, we generalize those calculations to the
case where the electrons experience interactions on the quan-
tum dot.

Inserting the expressions for the partial currents into Eq. The coupling between the electrons residing on the dot

(8) (see the Appendix, Sec. 4 for detyilsve find that the  and a sonic source may be described by a linear, local,
circulating current consists of two contributions. The firstg|ectron-phonon interactiéh

one is related to theumof the two electronic distributions,
+f,. [ is un- -
fo+f,. It therefore flows even when the interferometer is un Hel-pn= s ozq(b:; _ bq)de, (23)
q

IIl. RADIATION EFFECTS ON THE TRANSPORT
CURRENT

biased, and,=f,. The second contributiofsee Eq.(A43)]
arises only when the system is biased, being related to the
differencef,—f,, and only when, in addition, the couplings in which a/q:—a/_q:—a/* is the electron-phonon coupling and
of the dot and/or the couplings of the reference site to thébg is the creation operator for the boson of wave veqtcro
interferometer are not equal, namely, whert i, and/orj,  study the transport current in the presence of such an inter-
#]; [see Egs(5)]. Both contributions are induced by the action, one has to ad@,_,, to the Hamiltonian Eq(1),
Aharonov-Bohm flux and hence are proportional to®in  together with the free Hamiltonian of the boson excitations,
However, the second term seems to be not as interesting @dmpute the dot Green function, and then use it in #4).
the first. We therefore omit any further consideration of thatin the case of a linear electron-phonon interaction, one is
part of the circulating current, and focus only the first con-aple to obtain an approximate form for the Green function,
tribution, which read® Gya by assuming that the external self-energy does not de-
pend on the frequen&):®* (For a numerical solution in the
dof, +f, azsxt o presence of aaqyilib(ium p.honon source, see R_ef. 7_’crhis
lpc= ef — | — Ggq—CC|. (20 is a valid approximation, since the small potential difference,
lm 4 oP temperature, etc., restrict the frequency integration in Eq.
(14) to a narrow range around the common Fermi energy of
It is interesting to note that E§20) averages the flux deriva- the two reservoirs. The explicit expression Eﬁ‘xv valid for
tive of the external self-energy over energy, with weightsthe case of an Aharonov-Bohm interferometer, is given in
containing the densities of electrons and single-particle statesq. (A40).
with that energy(which are contained iGyq). The flux de- The Green function of the dot, which takes into account
rivative of Gy4 doesnot appear. This is reminiscent of the the electron-phonon coupling23), was found in Refs.
equilibrium case, where the persistent current is given by thé0—-62. Here, we extend their result to include the effect of
flux derivative of the energies, weighed by the electronicthe reference arm and to allow for a finite electronic occupa-
populations, without the appearance of the flux derivative otion, nq, on the dot. The resulting form is then
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o d
Gi(w) = —iK[(1 -ny) f dt (o Sexigh 0 I=e f z—w(fr(w) = fl()T ™), (29
0 aa
o R _ _ R . - - - . - . -
+ ndfo dt dle-eaSedtg? (0], (24) llrlagv?slch the transmission of the irradiated interferometer,
In the_no_nequi!ibrium caseny is o!etermined by both the _ T ) = KT () + > D) CaTO("’J’S“)q)' (30)
acoustic intensity and the relaxation processes. The on-site s+ q

energy on the dotey, is now renormalized by the polaron
shift, ep=3glag|?/ w, Where w, denotes the phonon fre- and the interaction-free transmission is given in B). It
quency. Since this renormalization is temperature- and fluxs seen that the processes Contained'q@)+s(1)q) compen-
independent, it will be omitted. The other phonon variablessate partially for the detrimental effect of the Debye-Waller
are contained irK, the Debye-Waller factor, and i'(t).  factor, K. We will encounter a similar situation in the discus-
Explicitly sion of the circulating current. Since we are operating in the
) linear response regime, it suffices to study the re@0; at
K = exp{— E ﬂ(l +2N )} the Fermi energy, namely, at zero frequency in our notations.
- 2 q y . . . .
q @ Let us first consider the radiation effect on the transport
through the ring in the unitary limit, namely whal(0)=1.
9 This situation, as mentioned above, occurs for a symmetric
OED @[quiwqt_'_(l_}_Nq)e—iwqt]' (25)  ring, when € +M3R =0 and cosb=-Tg/(1+Rg). Under

q @ these conditions
WhereNq:<bgbq) is the phonon occupation of thg mode, w2
which is not necessarily the thermal equilibrium one, but Tswg)lres= 1 ~Recr 2 - (31
(Jzext + oy

may be tuned externally.
Perhaps the simplest way to access the effect of the acou

tic coupling is by expandingq in the electron-phonon cou- F‘nsertlng this into Eq(30), and using Eq(28), yields

pling [ag|? o2
T%40)[res=1-Rs > 2 Ci—<gp 2
Ghi(0) =KGij(w) + 2 X CiGH(w +swg),  (26) =a O35+
s+ q

|aq|2 wz
=1-R>, —-(1+2N)—=+—.
B% w? ( @ (jEethz"' wﬁ

where the interaction-free Green functiGf is given in Eq. 2

(17). Here,s=%, and

(32
+ |aq|2 - |aq|2 . L
Cq=—3(Ng+ng), Cq=—75(1+Ny—ng. (27) At resonance, the transmission is independent of the elec-
@q “q tronic occupation on the dot. The coupling with the bosons

For a weak electron-phonon coupling, the Debye-Waller facgeducgs the transmission at rgsonance,.the more so as the
tor is intensity of the boson source in a certain frequency range
increases. It is interesting to note, however, that this effect
K~1 _2 2 cs (28) becomes smaller as the reflection coefficient of the refer_ence
ar arm decrease@nd therefore the current tends to go mainly
through that arm
However, it is instructive to keep the Debye-Waller fadtor In the general case, the transmissiff takes the form
which multiplies the zero-order term in the expansi@g)
(and, in principle, all other terms in the expansion its
implicit form, in order to demonstrate its role in diminishing
all contributions to the current, and not only those arising

from interference? + %2 AT wq) + T(- wg) = 2T%0)], (33)
q

s+ q

To40) = T°(0) + 3 A ) = T )]
q

It is thus seen that the dot Green function in the presence
of the electron-phonon coupling may be written as a series of

terms in which there appear the interaction-free Green funcynere ~21%0) comes from the Debye-Waller factor. Here

tions, with their frequency argument shifted by the phonon,+ is directly proportional to the radiation intensity. whils
frequencies?73 each multiplied by the relevant phonon oc- Qgels nlot dgp%ng onl it. Explicitly aton | iy, whitg

cupation numbers. Hence, it is quite obvious that the trans-

port current will have a similar form. Indeed, upon inserting g |2

the result(26) into the expression for the transport current, A =CH+C =—2-(1+ 2Ny
i g~ ~q " 2 9/

Eq. (14), one finds Wq
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FIG. 2. The total transmission of the interferometer, under the FIG. 3. The same as in Fig. 2, when the radiation intensity is
effect of the radiatior(thick line), and in the interaction-free case doubled.
(dashed ling as function of the localized energy on the dot, at zero
flux and forTg=0.4,1"3=0.3, and radiation intensity scaled by 0.3
(see the teyt The phonon frequency Q=3 (energies are mea-
sured in meV.

sion does not exactly vanishlt also produces additional
sharp structures at, which have still the asymmetric Fano
line shape.

The dependence of the transmission on the Aharonov-
Bohm flux is shown in Fig. 4. It is interesting to watch the
oscillation magnitude as a function of the beam intensity. At
very small values of the lattgnot shown the curve follows

. - closely the transmission in the absence of the coupling to the
Equation(33) shows that upon shining a beam of bosons at Fhosons. Then, as the intensity is increased, the oscillation

certain frequency range, the transport current varies Iinearlgmplitude becomesmallerthe thick line in Fig. 4, until the

large. For example, when the interferometer is far from resoocurve looks almost flat. Upon further increase of the inten-
' ; ; sity, the ampli row: in in th ite direction
nance, namely whefey>T,, wherel',=T' +T, (T, is the sity, the amplitude grows again, but in the opposite directio

width of the resonance level of the quantum dot itself, whe {o the one in the absence of the boson soudzshed thick

it is disconnected from the reference arwe find that the fline in Fig. 4.
transmission, to lowest order iry/ ey, becomes

- -_|aq|2
Aq = Cq - Cq = _a)2 (2ng-1). (34)
q

IV. RADIATION EFFECTS ON THE CIRCULATING

TY0)]off res= T~V TaRa(Ts + (1 +Rg)cOSP) CURRENT
r w2 The subtle effect that electron-phonon interactions may
X {—(’(1 +> A;Z—q—2> have on interference-related properties of electrons was in-
€d q €&~ @q voked a long time ago by Holsteffijn his theory of the Hall

° effect in hopping conduction. Holstein proposed that in order
+FOE A;‘—q—z] (35) to capture the Hall effect, it is necessary to consider pro-

q fg‘ Wq cesses where the amplitude of the direct electron tunneling
between two “sites” around which the electronic wave func-

Of particular interest is the point where the magnitude of thdions are localized interferes with an indirect tunneling am-
interference term can be controlled by coupling the dot to litude, through an intermediate third site. Moreover, that
sonic source. The other factdk;, may change sign depend- |nterference must mvplve energy-conserving eIectron transi-
ing on the relative location of the on-site energy on the dofions to and from the intermediate site, which are assisted by
and the Fermi level, but its magnitude cannot vary much,
-1<=2n4-1=<1. T
In order to exemplify these results, we portray the trans-
mission, Eq.(33), as a function of the energy of the local 0.8
level on the dofwhich may be controlled by a gate voltage
in Figs. 2 and 3. In drawing these curves, we have assumed
a single phonon frequenc§), and scaled the beam intensity v S p
by Sq(|agl?/ @3)(Ng+1/2).72 The parameters used in these PR N IR RN N
figures(and following onesare meant as representative ex-
amples; clearly, the curreigas well as the persistent current flux
in the next sectionis determined by the ratios of the relevant -3.14 3.14
energies. FIG. 4. The transmission as function of the magnetic flinx
Figures 2 and 3 show the transmission at zero flux. Henceinits of the flux quantum The thin dashed line presents the
in the absence of the radiation, the transmission exhibits th@teraction-free case, the thick line pertains to the same beam inten-
asymmetric Fano line shape. The coupling to the radiatioity as in Fig. 2, while the thick dashed line is for the intensity as in
source modifies this line shaga particular, the transmis- Fig. 3. The parameters are as in those figures, wjth-1.
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phonons. It turns out that this “Holstein process” has intrigu-initial and intermediate states of the process. We emphasize,
ing consequences for the persistent currerglactronically  however, that the boson created/destroyed in going from
isolatedinterferometer§? Since it is of interest to compare itoj is only virtual, exactlythe sameboson is destroyed/
the radiation effect on persistent currents in isolated and ircreated in going fronj to €. This exact identity is necessary
open rings, we begin this section with a brief summary of thefor incoherentphonons in order to retain phase coheréfce
Holstein process and its consequences for the isolated syg4ith the direct process fromto €. More technically, one
tem, and then analyze the situation in an open ring. uses the relation 1x+i»n)=P/x-imd(x), whereP denotes
The Holstein mechanism can be explained in a somewhahe principal part. The delta-function term within the infinite
technical language as follows. Under hopping conductiorsum over the phonon modes gives rise to the required finite
conditions, transport can be relatedttansition probabili-  imaginary contribution. The resulting imaginary partjry_
ties Imagine now the transition probability per unit tint;, yields a term odd in the flux in the transition probability. It is
to tunnel from the electronic state localized &b that local-  worth noting that the energy-conserving process occurs here
ized atj. When the system is subject to a constant magnetiin the intermediate state of the perturbation thef@fywhich
field, the tunneling amplitude betweérand j is multiplied  Eq. (36) is the lowest terifor the combined amplitudes.
by the magnetic phase factor acquired from the field alondgRecently, this unique process has been proposed as the origin
the pathi—j. Upon taking the absolute value squared of suctof the anomalous Hall effect in ferromagnetic
an amplitude to obtaifP; due to direct hopping alone, the semiconductoré!
result is independent of the magnetic field. Now, let us add to The argument above exemplifies the necessity for one
the direct tunneling amplitude betweeandj the amplitude resonant process. However, in fact the Holstein process re-
for indirect tunneling, for example, the path¢—j, wheref quires at least two resonant electron-phonon processes. This
denotes an intermediate site. The transition probability nowcan be explained as follows: The three electronic energies
depends on the total, gauge-invariant, magnetic flux enclosedvolved in the indirect tunneling and their differences are in
by the two pathgi.e., the Aharonov-Bohm phaséHowever, general all different. Hence, at least one phoritire one
it is anevenfunction of the magnetic phase, as the tunnelingdenoted above by) is needed to supply the energy differ-
amplitudes themselves can always be chosen to be real. Ahcee - ¢, between the initial and final electronic states. The
such, this transition probability cannot lead to a dc Hall con-second phonoitg’ above appears in the intermediate pro-
duction, which isodd in the field. This line of argument cess, as explained above. The phonon-assisted indirect am-
shows that, technically speaking, an imaginary contributiorplitude, Eq.(36), gives rise also to a contribution which is
to at least one of the transition amplitudes is required inevenin the field(coming from the principal part That con-
order to render a term odd in the magnetic phase in théribution does not require exact energy conservation within
transition probability. the intermediate state of the perturbation enefigydoes,
Where can this imaginary part come from? Holstéar-  however, require the phonon supplying the energy difference
gued that when electron-phonon processes are taken into agetween the initial and final electronic states
count, the intermediate state becomes in fact a continuum of The fact that the transition probability per unit time for an
energy states, consisting of the intermediate electronic erelectron to hop between two sites may include a term which
ergy and the continuum of phonon energies. This continuunis odd in the Aharonov-Bohm flugn addition to the term
suffices to supply the required imaginary contribution.even in the flux has an immediate result: detailed balance is
Roughly speaking, when electron-phonon interactions are akroken even at thermal equilibrium. Stated in terms of tran-
counted for, the tunneling amplitude for the indirect pathsition probabilities,P;; - P;; # 0, and the difference isddin

acquires, fore,> ¢, terms such as the magnetic flux. To appreciate the outcome of this obser-
vation, let us focus our attention on a triad of three siteg,

(€,ng = 1,ng/|V]j,ng,ngs £1) and¢, the smallest cluster in which the doubly resonant tran-

Jime-j ~ > sitions can take place. The transition probability to go from

6i_Ean)qr+i77

“q’q, sitei to sitej, P;; (which includes also the indirect processes
Mq"d via site{), and the transition probability to go from that site
X (j,Ng:Ng % L|V]i,Ng,Ng ). (36)  to site€ (now also through the intermediate sjte P;, are
such that
L . .
Here, €, etc. denotes electronic site energigs; 0", o, and P+ Pie= Py + Py, (37)

oy are boson energies, ang andn,, are the quantum num-

bers of theq— and q’— mode occupations, respectively. In so that charge balance is maintained at the electronid.site
Eq.(36), V is the operator that transfers the electron betweeiHowever, sinceP;; # P;;, there is a net current circulating
sites, and at the same time may cause the phonon statesdmund the triad, proportional #;;-P;;, and therefore aris-
change, obtained after an appropriatenitary transforma- ing from the Holstein process. That current is additional to
tion on the electron-boson Hamiltonian, E&3). Since the the persistent current flowing in this system in the absence of
intermediate state now lies in @ntinuumof energies, the the coupling to the phonon source. In fact, it has been
infinitesimal party leads to dfinite imaginary contribution, found®’ that it is always flowing in the reverse direction!
provided that the sum of energies in the denominator van¢The direction of the current in the triad is determined by
ishes, namely, when there is an exact energy conservation, dslicate effects related to the location of the Fermi level with
would be needed to make raal transitiof® between the respect to the site energies, &tChis current has therefore
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been termed “counter current.” When the full transition prob-where &°, the Friedel phase of the noninteracting system, is
abilities, including the terms even and odd in the magnetigiven in Eg. (22), and Aé are defined in Eqs(34). The
flux, are used in the proper rate equations to find the currengicousto-induced persistent curreut|,., consists of two
the resulting conductivity tensor satisfies the Onsageparts: The first term depends only on the dot’s occupation,
relations’® ng, and its sign may change according to the relative location
Having related the doubly resonant processes of Holsteiof 4 with respect to the Fermi energy. The second term in
to the persistent current, it is worthwhile to re-examine thekq. (39) is dominated by the phonon occupatidisee Eq.
resonance conditions from the point of view of coherence(34)], via A; [Note that the term -&(w) there comes from
As we have pointed above, and as is borne out by the fulthe expansion of the Debye-Waller expongrExamining
calculation” one of the two phonons is common to both this contribution shows that by shining a beam of phonons of
interfering tunneling paths, thus retaining their coherefice, a specific frequency, the magnitude of that term can be con-
while the other is, as explained above, absorbed and rerolled experimentally, as long as the temperature of the elec-
emitted by one of the paths, again retaining coherence witkronic system and the intensity of the phonon souxgeare
the other path. Hence, despite the fact that the Holsteifow enough to retain coherent motion of the electrafitie
mechanism also involves a real, energy-conserving, electroriatensity is also limited in the present calculation by the as-
phonon transition, it still contributes in a nontrivial way to sumption of weak electron-phonon coupling; however, there
the persistent current. However, since this contribution arise no conceptual difficulty to extend the calculation to stron-
from “real” processes, it requires real phonon modesger values. Similar considerations apply to photons. Both
namely, nonzero temperatures. One therefore expects that thtee precise magnitude of these effects and the above bounds
counter current willincreasewith the temperature. On the depend on the detailed geometry of the dot and on the acous-
other hand, the counter current is also multiplied by the overtic (or electromagneticmismatch.
all damping Debye-Waller factor. Hence, the resulting tem- It is important to appreciate the difference between this
perature dependence of the counter current igesult and the corresponding one found for the isolated ring.
nonmonotoni®’ In the isolated ring, the Holstein proc&seequired the emis-
We have not emphasized here the contribution of nonsion (absorption of a specific phonon, with the exact exci-
Holstein processefs.e., those arising from the principal part tation energy of the electron on the ring. In the present case,
in Eq. (36)]. Such processes are not specific to a definitehe coupling to the leads turns the bound state into a reso-
phonon frequency, and therefore cannot be increased withoutance, with a widthl', which decreases when the ring is
heating/decohering the system. decoupled from the leads. As a result, there is always some
When the interferometer is connected by leads to externajverlap between the tail of the Green functiaﬁg(w) and
electronic reservoirs, the energy levels on the ring acquirghe Fermi distributionf(w), yielding contributions from
finite widths, given by the imaginary part of the external Holstein-type processes via phonons with maimgcluding
Self-energies. Then, the effect of the COUpling to the SoniQ/ery |0w) energies_ Indeed, each ContributionA(pr con-
source is modified. While for discrete states it required exacfains the phasé®(w), which vanishes witH (&°~T'o/| |
energy conservatio(up to the width introduced by the cou- far from the resonangeln particular, this results in a non-
pling to the phonons here it operates in a finite energy band. zero Al even at zero temperature: In that limit, éf<
Nonetheless, the radiation introduces again a unique effect ;, -0, "thenny=1. Even with no phonongy,=0, the square
which goes beyond that of the Debye-Waller exponent. In thgyrackets in Eq.(39) become proportional ta] &%(w+ )

present situation the sonic effect is of a lower order in the_ &(w)]/ o, reflecting processes which begin by an emis-
gleptron—phonon pouplmg, and may exist evenin The 0 sion of phonons. None of this remains for the isolated ring,
limit, as will be discussed late¢(For a concise summary of whenT,=0.

this result see Ref. 6p. To obtain explicit expressions, we now evaluate the fre-

Indeed, inserting the expangion of the _dot Green functiorgquency integration appearing in E@9). Since we are oper-
at small electron-phonon coupling, E@6), into our general  4iing within the linear response regime, the voltage is not

result for the circulating current, E¢8), yields essential to our effect and we may safely assuip(@)
(38) =f,(w)=f(w). Furthermore, we take the electronic tempera-

pe ture to be low compared to all other energies, so fiiab

wherel ) is the persistent current of the noninteracting inter-~ @ (~w). We also take the typical phonon frequency to be

ferometer, given by Eq21) above, and\l . is the acousto- much smaller than the large bandwidth in the leads. With
persistent current, given, within our approximation, by these approximations the frequency integration in(B8) is
easily performed, yielding

—0
lpe =15+ Al

Alpc:f dffz(w);ffr(w)

_d
% [Aq(?q)(éo(aw wg)

Al = 5_72 sin @% [Aq(F(wg) + F(= wg) = 2F(0))

+i w [O] w— W
_(so(w_wq))"'Aqﬁ(D((so( + q)+60( q) +A(_1(F((J)q)_|:(_ wq))]' (40)
- 260((»))], (39  whereF(w) is given in terms 0f%(w), Eq. (22)
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Ipe V. SUMMARY

We have considered the effect of coupling the electrons to
a boson source on their interference pattern in an Aharonov-
Bohm interferometer, and in particular focused our attention
on the modifications in the transport current and in the cir-
culating current. In both cases the overall Debye-Waller ex-
ponent appears, which reduces the interference tasmvell
as the “classical” term and hence the currents, as the tem-
perature is raised. This outcome of the coupling to the boson
source is not surprising. However, in both cases there is an
FIG. 5. The persistent current as functionegf The thin dashed additional contribution, which is confined to a bounded range

line showsi?,, the thick line is for beam intensity 0.3, and the thick ©f Phonon energies, dictated by the electronic energies.

dashed line for 0.6. The flux is taken &l 2, and the other param- In the case Of hopping cqnduction, Wh_iCh involves tranSi-
eters are as in Fig. 2. tions between discrete localized electronic states that in gen-

eral differ in energy, a phonoftommon to the two pathss
necessary to conserve energy in the overall hopping
process? In the case of an open interferometer that phonon
is not necessary, since the electronic states on the two leads

. . form continua and overlap in energy. To obtain a term odd in
The acousto-persistent current contains two types of contrig,o magnetic field in the hopping regime, another, “second,”

butions: the part associated wiE{0), which simply repre- phonon is needed, which has conserve the total energy
sents the “trivial” Debye-Waller renormalization of the cur- peyeen the initial and intermediate stafdsThe reverse
rent, anq the frequgncy—dependent parts, Which reflect thﬁhonon procesgnamely, restoring the phonon system back
change in the persistent current due to Holstein-type prog jts original statgthen occurs between the intermediate and
CEsses. _ _ final states, thus retaining phase memory in the overall pro-
As is the case in the absence of the coupling to the bosogags (which can then interfere with another phonon-less
source, the acousto-persistent current is closely rel_ateq to tri%th)_ The conservation of energy in the intermediate state is
Friedel phase of the dot, at resonance frequerf€i@is 5 rather unusual feature, which introduces an imaginary part
leads to a sharp structure bf; as function of, e.g.€5, 0C- (g the hopping amplitude for that path, and hence a nontrivial
curring wheneveg, coincides with the resonance energies Ofphase. That phase was crucial for the theory of the Hall

the system; see Fig. 5. _ effect in the hopping regime. When the ring is coupled to
On the other hand, the dependence of the persistent CUkyiernal leads, the effect of the radiation appears at a lower

rent on the flux is rather smooth. We portray that dependencgyqer in the electron-phonon interaction, as compared to the
in Fig. 6. Inspecting the behavior of the oscillation magni-gjyation in isolated rings with localized electronic states.
tude as a function of the beam intensity, we observe a similaf, 5qdition, the intermediate electronic state acquires a width
phenomenon as has been found above for the transport Cuyfy coupling to the leads. Therefore, the process may exist
rent(see Fig. 4. Namely, upon increasing the intensity, the ayen at zero temperature. This is due to the finite overlap of
magnitude of the oscillations first decreases, then increasgge intermediate electronic state with the “band.”
in the opposite direction. In order to exemplify this behavior,  gecayse this contribution to the currents comes from a
the thick dashed line in Fig. 6 is drawn for a rather highsntined range of boson frequencies, it is expected that by
intensity (in our unit schemg which is not necessarily com- oqylating the intensity of the radiation in that frequency
patible with our assumption of weak electron-phonon interyange it will be possible to manipulate the magnitude of the
action. Thl§ sign reversal of the persistent current at a certaip,rrents. This will require boson intensities low enough to
flux is reminiscent of the counter current alluded to abtVe. (etain the coherent motion of the electrons. However, the fact
that this unique effect is confined to a rather narrow region of
olgw boson frequenciegwvhile the detrimental Debye-Waller fac-
tor comprises all boson frequenciegzives some hope that
such an acousto-magnetic effect is feasible in experiments.

F(w) = - \TgRs®(w) - Tg In| sin (w)]. (41
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APPENDIX: DETAILS OF THE CURRENT CALCULATION _ *
Gou= 90(2 0} Gig + {k — p}>, (A9)
k

As is clearly explained in Ref. 6&ee also Ref. 62the

Green functions required in the Keldysh technique can ben which the notationgk— p} stand for the analogous sum

found by considering the time-ordered Green functid®s,  on the right lead, andy, is the free Green function on the
The latter satisfy the frequency-dependent Dyson equatiopsference site, with

for GN(w
(w) 1

wtin—¢
R A . . . .

Then, the retardedG") and the advance(") Green fun<c- Since the bare reference site is not coupled to any electronic

tions are obtained by replacingabove byR or A, while G reservoir, the free Keldysh Green function for that site van-

GT=G +GOTSTGT. (A1) ARE (A10)

is found according to the ru ishes. Making use of Eq$A3), we have
(3G)~=3FG=+37GA, (A2) Ghy= YDha Gly, (A11)

and similarly for any other product. In the following, we whereDj is the reference site Green function when the upper
omit for brevity the notatiorT from the time-ordered Green arm of the ring is cut off

functions. 1
A_
. _ Do= Py (A12)
1. The calculation of the partial currents w=lp= = a Tl

andY denotes the interference coupling

The Green functions required for are G, and Gg,. We

present the detailed derivation of the first one. The equation Y=igjeete+i,j e (A13)
of motion for the temporal Fourier transform of the time- ] )
A _ A _A~A
Gid = Vik9kGad * vkkCod: (A3) Goo = Y*Doar Gyg- (Al4)

Applying Eqg. (A2) to Eg. (A9) yields
Gog = a"DGY(Ggq~ f(Ghy + fa*DGY Gy + ADGGly

0= i T G heE =) (AY X (= i (IR(@) * &%, (A15)

in which gy is the free Green function of the left lead, namely

Here, »— 0%, f, [Eq. (12)] is the electron distribution in the and similarly

left electronic reservoir, and E@10) has been employed to < _ AV*(G< + f.GR) — .~ RDRY*GR. + ADAGR
obtaingg. Since we assume that the two leads in Fig. 1 are Gao = a"D5Y*(Ggg ffG‘?d) fea™DoY*Gaq + ADoGag
identical except for being connected to reservoirs of different X (f, - fg)irJrR(@)e"‘f’r. (Al16)
chemical potentials, the free Green functions of the right lea
are given by Eqs(A4), with f, replaced byf,. For brevity,
the dependence on the frequenoywill be suppressed in _
most of the equations. Using EGA2), we find (@)=, +i,a"DXij € +irjp), (A17)

cIi-|ere, we have introduced the effective couplings connecting
the quantum dot to the right part of the ring

Gy = Vi(OEGy+ 9 Ghy) + vi(0RGoy + 9c Gpy) . (A5)  and to the left side
Writing explicitly the couplingsVy and v, [see Eqs(5)], it JN@) = +i,a"Dglij, +irjre™®), (A18)
turns out that it is useful to define and used the relatioS—DQ:—ADgDQ(i§+if).

2 ) Introducing all these results int, Eq. (A8) gives that

o= NEK QE'A sinf k, (A6) partial current in terms of the dot Green function
d

and l,=e f 2—“’{2i sin® (i gj i j [ (?)?DyGhy - cclf,

a
A . .
A=l -af==53 dw-e)sifk. (A7) + [ JF(= @) - ccl[Gay+ F(Ggg — Gl
k PR
+ [F(®)) * ol i€ "a"DFGgy — clA(F, — f)}.

With these notations, the partial currdptbecomes (A19)

|1:eJ d_“’(_ Aj?[doJr f€(G§d_G§d)] +j€i€ei¢e[f€AGéd (Not.e thatA*:—'A.) Exgmining Eq.(9), it is seen that the
2 partial currenti; is obtained froml 4, upon the replacements

{ —r with k< p, and ¢, < —¢,, namely® ——-®. Then[see

Egs.(A17) and (A18)], JX(—®) « IX(P).

The equation of motion for the time-ordered Green function Next, we consider the partial curreht A similar calcu-

Goq reads lation to the one leading to E@GA8) yields

+a"Ggyl - j¢i €7 MGy + T AGH). (A8)
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do L SR = aR(j2+j2+ aRDRYP), (A27)
l,=e J > Aif[Ggo+ F(GRy— Gho)l + i €7 [ "Gy, _ et o 0
77 with an analogous expression &, and
+ AT _ i i Ay R + < )
Af(Gol = el (€ P A Gpy + a"Ggy)) (A20) <= ALFJIR@) 2 + £ | IR(@D) 2], (A28)
The equation of motion for the time-order&j, gives When the electronic system is unbiased, namely, when the
Goo= o+ go[z iGio+ k< p} |, (A21) chemical potentials on both reservoirs are identical
« fo=1, = f, (A29)
with then
Cro=Vig G * 1ihGoo (A22) 5= fi(She— 350, (A30)
Making use of Eqs(A12) and(Al14), we find and als6®
GR,=Df + (DRaR)?|Y|?Gh A23
00=Dg + (Dga™)?Y[*Ggy, (A23) Gyy= fth(GQd_ G(}}d)- (A31)
and It follows that, without a bias, the integrand in EGA26)
Goo= ADRDA(i2f, +i2f,) + |YaRDRA Gy + f(GRy— G4y vanishes. In qthe( v_vords, vyhgn the ring is not biased, current
RARAAY 1R P R conservation is trivially satisfied.
+[Aa"DgDyYirJr(@)e *(f, - f,)Ggq— cC] Another case in which EqA26) is trivially satisfied is
+ | Y2 [ («*DA)2GA, - cal. (A24)  When the dot is free of any interactions. Then, the dot Green

function Gf}g is given in Eq.(17), and obeys
The first term here is the contribution of the lower arm of the RO A0 ~AOr<R A 1RO
ring alone; the other terms arise from interference. Gga ~ Gug = Gyl Zext ~ Zext/Caa- (A32)

Introducing these results into EGA20) for 15, we find where for simplicity it has been assumed that there is only a

do single electronic level on the dot, denoted For the nonin-
l,= eJ 2—{D§D§i§ir2A2(f€ —f,) = 2i sin®(ij,j,) teracting system, one also Kas
aw
Gad = GdaZexCad- (A33)

X[(a?)?DgGgq — cclf +[aIF(= PHIF(- @) * - jo)
_ < R _~A RAA i ~id~R 1R and therefore, again, the integrand in E426) vanishes.

ccl Gaa * ”@dd Caa ] + LoDl €77 G () Had we known the exact forms &% and G, for the
X (jo— AD(Ffige””fY) - cc]A(f, = fp)}. (A25) interacting electronic system, we would have found that cur-
rent conservation is also satisfied when the ring is biased.
However, as mentioned above, the dot Green function is not
= known exactly. Therefore, we may regard the relation Eq.
=~ (A26) as a condition imposed 0B and G In order to
make practical use of this condition, we assume that the main
contribution to thew integration in Eq.(A26) comes from

Having obtained the partial currents in terms of the dotfrequencies at about the Fermi level of the electrons, and
Green functions, we now examine the consequences. THequire that thentegrandin Eq. (A26) will vanish, yielding
important point to bear in mind is that in the presence ofEQ. (13) above. This approximatiotsometimes referred to
interactiongconfined to the quantum dot alonéhose Green as the “wideband” approximatigris insufficient to deter-
functions are not known and may be found only approxi_mine the dot Green function, but at least it eliminates the
mately. Therefore, imposing current conservation will yieldnecessity to calculate the Keldysh Green funct@j, and
general relations which th&,4's have to satisfy. ensures that the current through the ring is conserved. In

Current conservation mearisee Fig. ] that I,+I;=I,  particular, this yields the charge in the dot, which is equal
+1,=0. A lengthy calculation of the sum+1, shows thatit to the expectation value of the dot occupationy
indeed vanishes. In contrast, the sum of the currents on the—i [ (dw/2m)Ggy(w) [see Eq(10)]. With a finite bias, Eq.

Examining EQ.(9), it is seen that the partial curreiht is
obtained froml,, upon the replacement§«—r and ¢,

2. Current conservation

interferometer arm containing the dot gives (13) is only approximate. However, the implied dependence
q of ng on the bias voltage will still obey current conservation.
_ w hasize again that when the ring is not biased, or
L+la=e | —[(SR —SA VG +3= (GA, - GR)], We emp g o] ,
1 J Zw[(EeXt %o Caa + Zeud Cdg ~ o] when the dot is free of any interactions, the relati@8) is

(A26) always satisfied.

in which X, denotes the self-energy of the dot Green func-
tion, which arises from the connection of the dot to the in-
terferometer and the leads. This quantity is found from the A glance at Fig. 1 shows that the current through the ring,
Dyson equatior{fAl), using only the noninteracting parts of |, is given byl=1;+1,==I3=14. This current is conveniently
the Hamiltonian found by calculating(l,+1,~15—1,)/2. The terms propor-

3. The current through the ring
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tional to sin® are then canceled. Making use of the approxi-also neglect the frequency dependence of those widths. One
mation(13), the current through the ring takes the form then finds

I =liett+ lgor T lints (A34) Eext —i <F€ +I', - wzs) + Sgr(fO)EB\“’TB'y{Z'YrXB!

where the first term heré,, reduces to the current through
the reference arm when the other arm is disconnected (A40)

where

d
lrer = ef ~2(f, - ,)A%2%|DEP
2m Ff l_‘r F€Fr
Zg=—+—-2cosd/—, (A41)
Ye Yevr

(“Gdz s GAsA 4R sA Gaa Gdd) %
con* et e eXtiext—Eext ' andTg and X are given in Eqs(15) and(16), respectively.

(A35) It is thus seen that both the imaginary and the real parts of
3.ext depend on the flux threading the interferometer, through
Similarly, the currenty,,, which reduces to the one flowing the interference ternZg. This expression for the external
in the absence of the reference arm, is self-energy differs from the one reported in Ref. 23, in which
R ~A the imaginary part oEY, is independent of the flux, while its
M. real part vanishes fob=/2. Although the details oER,
Eext Eext are necessarily model dependent, the result given there,
(A36) which appe_lrently neglects any scattering on t.h_e rgfergnce
arm, is obviously rather restricted to a very specific situation.
Each of these currents is “dressed” by processes in which thgsing these results yields our final result for the current
electrons travel through the other branch. As might be exthrough the interferometer, E¢L4), where for simplicity we
pected, the interference between the two branches alwaygve chosen the sign of the on-site energy on the reference
appears via the produgtjisi, cos®. In addition to appear- site to be positive. We note that this result is not the same as
ing implicitly, via ey, in 1o @and |, this product appears the ones given in Refs. 22 and 23, which neglected the scat-

do )
Idot:ef o (fem f)A%Z2|1 + a"DR(Z +i2)[?
a

explicitly in the last member in EqA34) tering on the reference site. On the other hand, our expres-
q sion reduces to the result obtained from a straightforward
i = ej (o - 1,)A%,i,jj, D1 +aADé(|?+ Irz)] calgulatlon(that does not employ_ the Keldysh tecfhmpqder
T an interaction-free system, as discussed above; se¢)s.
GR G and(19).
X COS@(G§d+ Ghyt (SR +3A)—gd —dd ) 4. The circulating current
Eext Eext . .
(A37) In order to calculate the current circulatirrgound the

interferometer, we consider the quantitly—1,—15+1,)/2
An important aspect of the reSL(IA\34) is that it is aneven  employing Eqs(A19) and(A25), and then take its antisym-
function of the flux® (since bothG5y' and o%4 are even  metric part with respect to the flux. Clearly the first term in
functions of®). Namely, the current through the interferom- Eq. (A25) will eventually disappear, since it is independent
eter obeys the Onsager relatidfidt is interesting to note of ®. A detailed calculation shows that once the interferom-
that this property is not apparent from the formal expressioreter is biased, there appear terms in the circulating current
for the current; however, once we use the relatida3), resulting from asymmetries in the couplings. Accordingly,
which ensures current conservation, then the flux parity of we separate the circulating current into two parts
becomes clear. T (A42)

To present the current in a more transparent manner, we arTpeta

write the couplingsy, i, j,, andj,, in terms of the partial wherel,. denotes the part of the circulating current which
widths they induce on the localized levels of the interferom-survives even when the system is unbiaggersistent cur-
eter (the one on the reference arm and the one on thg dotrent”), and is given in Eq(20). The additional circulating
Making use of the matrix elements, E@S), in conjunction  current, which arises only when the system is biased and

with Eq. (A7), we define when there are asymmetries in the couplings, is denigted
SA SA e dw P
ve=its, W=l (A38)  lo=eidi (i sin®) f U f»A[(nf— |?>|aRD§|2(G§d
for the partial widths on the reference site, and Ghy-Gi PN
P + Gdd + (Eext ext 2 dd 22d> + 2(Jr2 - ]%)|CVR|2
-ZA -ZA ext ext
r{’:J(Ev Fr:JrE! (Asg) dd_Gﬁd
XDp(1 + D7 +i2) g ——=x |- (A43)
Eext Eext

for the partial widths on the quantum dot. In accordance with
the approximation used to obtain the current E&34), we  In particular, when the system is free of interactions, the
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“asymmetric” part of the circulating current is given by in the linear response regimeone may neglect this differ-
ence altogether in the suf+f,, and replace the electron

19= eiji,jj,(2i Sin®) f d_“’(fr — f,)A|aRDRGRYP2 distributions by the thermal distribution one, £429). Note
4 that then, the relatioil3) becomesexact and therefore the

22 2 _ 2 result(20) for |,. does not rely on the wideband approxima-
XL =10(e = &) + (r = JO(0 ~ @)]. (A44) tion. 'Ighis) is qlrjicte fortunate, iince the persistentpcpurrent, as
In the main text we omit this part of the circulating cur- opposed to the transport current, requires integration over the
rent, which arises from the coupling asymmetries, and conentire band. Hence, using for it an approximation which is
sider only the term .. Moreover, since the potential differ- valid at a narrow range around the common Fermi energy is
ence across the interferometer is sngalimely, the system is not easily justifiable.
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